Pseudomonas aeruginosa is a Gram-negative bacterium responsible for a large number of nosocomial infections. The P. aeruginosa respiratory chain contains the ion-pumping NADH:ubiquinone oxidoreductase (NQR). This enzyme couples the transfer of electrons from NADH to ubiquinone to the pumping of sodium ions across the cell membrane, generating a gradient that drives essential cellular processes in many bacteria. In this study, we characterized P. aeruginosa NQR (Pa-NQR) to elucidate its physiologic function. Our analyses reveal that Pa-NQR, in contrast with NQR homologues from other bacterial species, is not a sodium pump, but rather a completely new form of proton pump. Homology modeling and molecular dynamics simulations suggest that cation selectivity could be determined by the exit ion channels. We also show that Pa-NQR is resistant to the inhibitor 2-n-heptyl-4-hydroxyquinoline N-oxide (HQNO). HQNO is a quinolone secreted by P. aeruginosa during infection that acts as a quorum sensing agent and also has bactericidal properties against other bacteria. Using comparative analysis and computational modeling of the ubiquinone-binding site, we identified the specific residues that confer resistance toward this inhibitor. In summary, our findings indicate that Pa-NQR is a proton pump rather than a sodium pump and is highly resistant against the P. aeruginosaproduced compound HQNO, suggesting an important role in the adaptation against autotoxicity. These results provide a deep understanding of the metabolic role of NQR in P. aeruginosa and provide insight into the structural factors that determine the functional specialization in this family of respiratory complexes.
Once established, this pathogen can rapidly manipulate its environment, both physically and chemically, through biofilm and bactericidal agent production (4 -7) . P. aeruginosa is the primary cause of infection in cystic fibrosis patients (8 -11) and one of the main causes, along with Escherichia coli and Enterococci, of nosocomial catheter-associated urinary tract infections (UTIs) 3 (2, 4, 12, 13) . Due to high infection recurrence, which primarily results from bacterial resistance against multiple antibiotics (5, 14 -16) , the treatment of UTIs in the United States costs more than $450 million per year (http://www. cdc.gov/hai/pdfs/hai/scott_costpaper.pdf).
P. aeruginosa contains a highly branched respiratory chain that is regulated by the availability of substrates and oxygen, which supports energy production and contributes to pathogenesis (9, 18) . The respiratory chain of P. aeruginosa is composed of a number of ubiquinol oxidases, such as the bc 1 , bo 3 , and bd complexes (8, 19, 20) . Cytochromes bo 3 and bd transfer electrons directly to oxygen, whereas the bc 1 complex transfers electrons to cytochrome c (9) . From cytochrome c, electrons can travel to any of the three different cytochrome c oxidases, which play major roles in lung and micro-aerobic environment colonization (18) . Moreover, this microorganism has 17 respiratory dehydrogenases, including three different types of NADH dehydrogenases: complex I, NDH-2, and NQR (8, 9) . Although these three enzymes transfer electrons from NADH to ubiquinone, their composition and mechanisms are completely different (21) (22) (23) . Complex I is a proton-pumping, multisubunit enzyme complex, found in the respiratory chains of both mitochondria and bacteria (22, 24) . NDH-2 is a singlesubunit flavoenzyme that does not participate in ion pumping (25) . In all previously reported cases, NQR is a sodium-pumping complex found only in prokaryotes, which plays a major role in the metabolism and pathogenicity of numerous bacterial species (26 -29) . The sodium gradient generated by NQR supplies energy for essential processes, such as ATP synthesis, flagellar rotation, drug extrusion, and nutrient transport (29 -33) .
Indeed, for the obligate intracellular parasite Chlamydia trachomatis, NQR plays a vital role during infection and intracellular multiplication (34) . A recent report by our group shows that the energetic metabolism of C. trachomatis is sustained by the sodium gradient generated by NQR (34) . Because of its fundamental importance to pathogenic bacteria and its absence in mammalian cells, this complex is a promising target for drug design (34, 35) . However, the specific role of NQR in the physiology of P. aeruginosa, its catalytic properties, and the biochemical adaptations to the diverse microorganism's habitats are unknown.
The well-characterized V. cholerae NQR (Vc-NQR) complex is composed of six subunits (subunits A-F) and couples the transfer of electrons from NADH to ubiquinone to the pumping of sodium across the cell membrane (27, 28, 36) . Five confirmed redox cofactors are involved in electron transfer through the enzyme: FAD, a 2Fe-2S center, two covalently bound FMN molecules, and riboflavin (27, 28, 36) . NQR is the only known enzyme to utilize riboflavin as a redox cofactor (37) (38) (39) (40) . Crystallographic data suggest the participation of an additional iron cofactor, located in subunits D and E (41) . However, no direct evidence is currently available to support the role of this cofactor.
To understand the role of NQR in P. aeruginosa physiology, structural and kinetic analyses were conducted. In this work, we found that the Pa-NQR complex is monomeric and is composed of six subunits, similar to previously studied homologues. Additionally, our data show the expected cofactor composition, with around four flavin cofactors, and comparable functional properties. However, significant differences were found, such as the absence of the neutral radical in riboflavin, which is a hallmark of the family (37) (38) (39) (40) . Our results also show that the cation specificity of Pa-NQR differs significantly compared with other homologues. Whereas the characterized NQR complexes (mostly from Vibrio species) are sodium-specific transporters that are regulated by potassium (42-44), Pa-NQR is a proton-specific pump that is regulated by several monovalent cations. Structural analysis indicates that the ion channels in subunit B of Pa-NQR show significant differences in their location, size, and depth compared with those of the sodium-pumping complexes, providing information to understand the structural basis that determines cation selectivity in this family.
Moreover, experiments were performed to characterize the effects of HQNO on Pa-NQR activity. HQNO is a quinolone compound actively produced by P. aeruginosa that forms part of quorum sensing pathways (7, 14, 45) , promotes biofilm formation (1, 7) , and exhibits strong antibiotic effects by inhibiting the respiratory chain of competing bacteria (7, 10, 46, 47) . Our results show that Pa-NQR is 5-10 times more resistant to HQNO compared with other NQR homologues and that the HQNO inhibition is partial, allowing P. aeruginosa to survive in the presence of this toxin. Molecular modeling was carried out to understand the structural basis for the differences in the behavior of this enzyme. Our models show that the ubiquinone-binding site has specific sequence differences that confer resistance toward HQNO, while maintaining ubiquinone binding activity. These predictions were corroborated by mutating residues 151 and 155 of Vc-NQR subunit B, which turn it into an HQNO-resistant enzyme. The data presented in this paper provide a better understanding of the NQR family, its role in P. aeruginosa, and the biochemical adaptations that allow the colonization and survival of this microorganism.
Results

Protein complex characterization
To understand the kinetic and structural properties of Pa-NQR, the recombinant protein complex was purified and compared with Vc-NQR, which is the best-characterized member of the family (29 -33, 48, 49) . The Pa-NQR operon was cloned into the pBAD HisB plasmid, and the protein complex was expressed (using arabinose as a gene expression inducer) in ⌬nqr attenuated Vibrio cholerae O395N1 cells, previously obtained by our group (26) . Induced cells were harvested at early stationary phase and disrupted by sonication. Cytoplasmic membranes were obtained by ultracentrifugation, and the Pa-NQR complex was purified using two chromatographic steps: Ni-NTA and DEAE FPLC chromatography, as reported before (26, 38) . Following chromatographic purification, a purity of ϳ80% was obtained for Pa-NQR, comparable with 95% for Vc-NQR (26, 42) . Purity was assessed densitometrically using ImageJ (50), following urea SDS-PAGE (Fig. 1A) . The six subunits of Pa-NQR were identified based on estimated mass derived from their corresponding amino acid sequences (subunit A, 48 kDa; B, 44 kDa; C, 28 kDa; D, 24 kDa; E, 28 kDa; and F, 46 kDa). Additionally, the covalently attached FMN cofactors of subunits B and C were visualized by exposing the SDS-polyacrylamide gel to UV light ( Fig. 1A) , which makes these bands glow (43, 51) .
Blue native gel electrophoresis (BN-PAGE) (52, 53) was conducted on the purified Pa-NQR sample, followed by an in-gel NADH dehydrogenase activity assay (53) , which allowed us to characterize the molecular weight of the complex. Fig. 1B (i) shows the blue native electrophoresis of Pa-NQR with a main band of ϳ220 kDa, corresponding to the expected molecular mass of the monomeric complex. This band exhibits NADH dehydrogenase activity, as shown by in-gel activity assays ( Fig.  1B, ii) . The BN-PAGE was incubated with NADH and nitro blue tetrazolium (NBT), an electrophilic dicationic compound, which readily accepts electrons and forms diformazan precipitates (52) . NBT reduction solely occurred at the band corresponding to Pa-NQR. To confirm the presence of all six subunits in the functional Pa-NQR complex, a second-dimension 30% urea, 15% acrylamide SDS-PAGE electrophoresis was run using a BN-PAGE lane, and the six bands with the corresponding molecular weights of subunits A-F were observed ( Fig. 1B,  iii) . Additionally, the fluorescent flavin molecules of subunits B and C were visualized under UV light, as mentioned previously ( Fig. 1B, iv) .
Spectra analysis and cofactor composition
To determine the cofactor composition of Pa-NQR, spectrophotometric analyses were conducted under denaturing conditions and with the native complex under reducing and oxidizing conditions ( Fig. 2 ). Concentrated Pa-NQR (Ͼ100 M) samples were dissolved (1:20 dilution) in 7 M guanidine chloride to com-
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pletely denature the sample and oxidize the riboflavin cofactor, which in Vc-NQR is found as a neutral radical (37) (38) (39) . This method allows the quantification of the total flavin content in the sample. According to our data, the flavin/protein ratio of Pa-NQR (ϳ3.3) is close to the expected value of 4 (i.e. FAD, riboflavin, and two covalently bound FMNs) (27, 28, 36, 39) , especially considering that our sample has 80% purity.
Spectrophotometric analyses were also carried on the native sample under reducing and oxidizing conditions. Full reduction of the sample was achieved by adding a few grains of dithionite to the solution and was compared with the air-oxidized sample. The reduced-minus-oxidized spectrum of the sample would reveal the presence and stoichiometry of the different cofactors, because they possess characteristic absorbance spectra, which can be used to quantify their concentrations (54 -57) . The reduced-minus-oxidized spectra of Pa-NQR and Vc-NQR ( Fig. 2A) were similar, with about the same minima and max-ima. However, some differences were evident, especially in the region of 400 -430 and 525-700 nm. The double difference spectrum (Vc-NQR minus Pa-NQR) shows a missing spectral component in Pa-NQR that is very similar to the one-electron reduction of the riboflavin flavin radical (RibH ⅐ 3 RibH 2 ) ( Fig.  2 , B and C) (27, 28, 36, 37, 39) . This result indicates that whereas the cofactor composition and redox transitions of both complexes are similar, the riboflavin cofactor of Pa-NQR seems to be mostly found in the fully oxidized state, which is very different compared with Vc-NQR, in which it is found as a neutral radical (37, 54) .
Pa-NQR cation specificity
Previous reports have shown that the activity of Vc-NQR and other homologues depends on the presence of sodium and other monovalent cations (42). In Vc-NQR, it has been shown that the rate-limiting step of the reaction, the one-electron reduction of FMN in subunit C, is specifically stimulated by sodium (54, 58) . To investigate cation specificity for Pa-NQR, the NADH-dependent ubiquinone reductase activity was measured in the presence of different concentrations of monovalent cations, such as sodium, lithium, potassium, rubidium, and cesium. Sodium increased the activity by 3 times (compared with when no cation is present) with an activation constant (K a ) of 90 mM ( Fig. 3A and Table 1 ). Potassium and cesium produced a similar stimulation, doubling the activity, with K a values of 30 and 65 mM, respectively ( Fig. 3 (B and C) and Table 1 ). The enzyme was also slightly stimulated by rubidium (60%), but this cation also showed inhibitory effects at concentrations above 50 mM ( Fig. 2D ). Lithium had an inhibitory effect at low concentrations and produced minimal effects at higher concentrations. These effects differ drastically from the results reported previously with Vc-NQR, which shows 8-and 3-fold stimulation of the activity with sodium and lithium, respectively, activation with potassium, and inhibition by rubidium (42). The results indicate that Pa-NQR has a very different cation selectivity compared with other studied homologues. It should be Right, unstained gel lanes carrying Vc-NQR (Vc) and Pa-NQR (Pa) exposed to UV light, using a transilluminator. B, Coomassie Blue-stained blue native gel of Pa-NQR (i); in-gel NADH dehydrogenase activity assay (ii); Coomassie Blue-stained second-dimension SDS-PAGE (iii); second-dimension SDS-PAGE exposed to UV light (iv).
Figure 2. Reduced-minus-oxidized spectra of Vc-NQR and Pa-NQR.
A, Vc-NQR (continuous) and Pa-NQR (dashed) reduced-minus-oxidized spectra. B, double difference spectra of Vc-NQR minus Pa-NQR. C, spectral component corresponding to the one-electron reduction of the riboflavin neutral radical (RibH ⅐ 3 RibH 2 ). The spectrum was obtained from previously published data (37, 54) .
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pointed out that the K m values for NADH of Pa-NQR (K mNADH ϭ 9 Ϯ 1 M) and Vc-NQR (K mNADH ϭ 25 M) were similar (59). The K m values for ubiquinone-1 were also similar between the two complexes (K mUQ ϭ 5 Ϯ 1.3 M for Pa-NQR and 3 M for Vc-NQR) (59) . Thus, the changes that we are reporting are not due to general enzyme misfolding or lack of functionality of the complex.
Pa-NQR ion pumping
Due to the significant differences in the cation specificity of Pa-NQR, we decided to study the ion-pumping activity of the reconstituted enzyme into proteoliposomes. The purified Pa-NQR complex was incorporated into E. coli phospholipid proteoliposomes following a method reported by Juarez et al. (38, 42) , based on the protocol from Rigaud et al. (60) . Cation transport was measured indirectly, through the generation of membrane potential in reconstituted proteoliposomes, using the anionic dye Oxonol VI (61) . The results show that membrane potential is formed in the presence of all of the tested cations: sodium, potassium, rubidium, cesium, and lithium ( Fig. 4 , traces ii, vii, viii, ix, and x), which could indicate that Pa-NQR is a nonspecific pump that is able to transport any monovalent cation. However, the data also indicate that the membrane potential formed in all of these cases is almost completely abolished by the proton ionophore CCCP (62) and that it is also formed in the absence of any added cation ( Fig. 4 , trace i) (the pH of the reconstitution and assay buffers were adjusted with Tris base; see "Experimental Procedures"). The data demonstrate that the membrane potential is formed through proton pumping. Indeed, the use of CCCP from the start of the reaction eliminated any significant generation of membrane potential ( Fig. 4 , trace iv). To further corroborate that sodium is not transported by the reconstituted Pa-NQR complex, experiments were performed in the presence of the sodium ionophore ETH 157 (38, 63) . Fig. 4 (trace iii) shows that the sodium ionophore has no effect on membrane potential formation. To corroborate that the proton pumping activity of Pa-NQR is not due to any factors that could affect the reconstitution process, the experiments were also carried out in Vc-NQR proteoliposomes. The results obtained corroborate that Vc-NQR is a sodium-specific ion pump and that the gradient produced with this ion is not dissipated by CCCP (trace v) and cannot be established in the absence of sodium (trace vi). Thus, unlike all other studied NQR homologues, Pa-NQR does not function as a sodium transporter, but rather as a proton-specific pump. The ability of P. aeruginosa NQR to transport protons is a novel characteristic previously unknown in the NQR family.
Sequence comparison between Vc-NQR and Pa-NQR shows that the negatively charged residues associated with sodium uptake and transport (i.e. B-Asp-397, B-Asp-346, and E-Glu-95) (38, 58, 64, 65) are conserved in Pa-NQR ( Fig. S1 ). To understand the structural factors that determine the cation selectivity of the family, we performed homology modeling of subunit B of Pa-NQR, using the crystallographic data previously published for Vc-NQR (41) . Moreover, molecular dynamics were performed for 50 ns to relax the model. Analysis of the van der Waals surface unveils significant differences in the structure of subunit B between Vc-NQR and Pa-NQR ( Fig. 6D ). Subunit B plays a critical role in electron transfer and in sodium transport. In particular, it contains one of the two sodium-binding sites (66) and carries the binding site for one FMN cofactor (51, 67), riboflavin (37, 39, 54, 68), and ubiquinone (59). In both 
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cases, an ion entry channel is formed that would deliver the ion to Asp-346 (V. cholerae numbering). This residue had been identified as a key element that controls the release of sodium to the external side of the membrane (38) . Whereas some differences are apparent regarding the size and depth of the entry channel, the exit channel of Vc-NQR and Pa-NQR are completely different. Vc-NQR has a channel running almost perfectly vertically, with Asp-346 being at the very top. On the other hand, Pa-NQR carries an L-shaped channel that is completely different compared with the one found in Vc-NQR. We are currently investigating the role of these two channels in the ion specificity of the NQR family.
Effect of HQNO on Pa-NQR activity
P. aeruginosa actively produces several types of quinolone compounds, including 3,4-dihydroxy-2-heptylquinoline and HQNO (7, 46, 69, 70). These quinolones fulfill different roles, such as quorum sensing, promoting biofilm formation, and act-ing as bactericidal agents (7, 11, 70, 71) . Previous reports have shown that HQNO inhibits the activity of NQR, acting as a mixed type inhibitor versus ubiquinone (26, 72, 73) . The production of HQNO by P. aeruginosa seems paradoxical, because it would trigger the autoinhibition of the respiratory chain, which would be deleterious for this microorganism, compromising its survival. To understand the role of NQR and HQNO in the physiology of P. aeruginosa, the effect of this inhibitor was tested on both purified Pa-NQR and in P. aeruginosa membranes ( Fig. 5 ). The mechanism of inhibition was studied by measuring the effects of HQNO on the saturation kinetics of ubiquinone-1 (Fig. 5A ). The data were best fitted to Equation 1, which corresponds to the behavior of a partial mixed inhibitor. Indeed, the double reciprocal plot shows lines intersecting in the third quadrant, characteristic of this type of inhibition ( Fig.  5B ). From the data fitting, we obtained two inhibition constants, for the competitive and uncompetitive components of the inhibition (K ic and K iu ), 1.6 and 1.3 M, respectively. These K i values are significantly higher (5-16 times) compared with the K i values for HQNO of other members of the family, 0.1-0.3 M (26, 73, 74). Moreover, the HQNO-resistant activity (kcatR), corresponds to around 40% of the activity. These two properties are key factors that would allow P. aeruginosa to survive its own production of HQNO. This analysis was also conducted over the NADH-dependent respiratory activity of P. aeruginosa membranes. Fig. 5D shows that the respiratory activity is inhibited by relatively high concentrations of HQNO, with a K i of 2.0 M, which roughly corresponds to the K i obtained in the isolated enzyme ( Fig. 5C ). Because the K i values of HQNO for other respiratory enzymes, such as succinate dehydrogenase, complex I, NDH-2, and quinol oxidases, are higher (47) , our data suggest that most of the NADH-dependent respiratory activity could be due to NQR activity. 
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Modeling of Pa-NQR ubiquinone-binding site
To understand the structural factors involved in HQNO resistance, we performed an analysis of the sequence and the structure of the proposed ubiquinone-binding sites. Fig. 6E shows sequence alignment of the helices of Vc-NQR and Pa-NQR NqrB (residues 170 -225) and NqrD (residues 140 -200) that form the ubiquinone-binding pocket (Fig. 6A ). The critical residues in subunit B for ubiquinone binding are conserved in both complexes, which is consistent with the ability of Pa-NQR to bind and reduce ubiquinone, especially considering that the K m values are similar. However, the analysis shows that Phe-151 and Leu-155 in subunit D of Vc-NQR are switched to leucine and phenylalanine, respectively, in Pa-NQR (Fig. 6E ). The two amino acid sites are located in the same ␣ helix of subunit D, on the adjacent side that faces the binding site for ubiquinone ( Fig. 6A) , which may modify the affinity or stability of HQNO in the binding site of Pa-NQR. Molecular dynamics simulations showed a loop located at the bottom of the associated helix in Pa-NQR that may favor rotation of the helix carrying these residues. These residue and chain flexibility differences between Vc-NQR and Pa-NQR potentially account for decreased binding of HQNO. Docking analysis was performed to understand the role of these changes in the resistance toward HQNO. Fig. 6 (B and C) shows the docking of the inhib-itor to the crystal structure of Vc-NQR and the model of Pa-NQR. The calculations predict that in Vc-NQR, HQNO interacts with the ubiquinone-binding site proposed by our group and establishes contacts with Phe-151 (with a docking score of Ϫ35.7 kcal/mol). In the case of Pa-NQR, the HQNO's aromatic rings are oriented in a completely different way (with a comparable docking score of Ϫ37.5 kcal/mol). The HQNO pose predicted for the Vc-NQR structure interacts relatively weakly with the Pa-NQR model (docking score of Ϫ23.2 kcal/mol). On the other hand, the HQNO pose predicted for the Pa-NQR model is unlikely to bind to the Vc-NQR structure (docking score of Ϫ2.9 kcal/mol). The ability of HQNO to be bound by Pa-NQR in a crevice near the ubiquinone site would explain the partial-type inhibition, in which both HQNO and ubiquinone would be able to be bound by the enzyme, without producing complete inhibition. Fig. 6 (B and C) shows the modes with the lowest energies, and other modes (Fig. S2) showed the same behavior. The docking calculations suggest that relative to Vc-NQR, Pa-NQR has an alternative binding site for HQNO.
Designing of HQNO-resistant mutants
To test whether the amino acid residues identified through molecular docking participate in HQNO resistance, mutagenesis analysis was carried out in Vc-NQR. Three mutations were 
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performed making the substitutions found in NqrD of Pa-NQR: F151I, L155F, and the double mutant F151I/L155F. These proteins were characterized kinetically to understand the effect of the mutation. Activities were measured at different concentrations of ubiquinone-1 to calculate the K m for this substrate (K mUQ ). Fig. 7A shows that the mutant F151I is the most active, but this mutant shows a significantly higher K mUQ than WT Vc-NQR (3.5 M (59)) ( Table 2 ). The mutant L155F shows small decreases in the k cat and K mUQ . Remarkably, the double mutant has a behavior that is almost identical to Pa-NQR ( Table 2) . A characterization of the inhibitor sensitivity of the mutants was carried out, performing a titration with HQNO at a fixed concentration of ubiquinone (50 M) (Fig. 7B) . The mutant F151I has the same K iapp as WT Vc-NQR. The mutation in residue 155 increased K iapp by a factor of 2 in both the single and double mutant, but did not reach the values found in Pa-NQR. Interestingly, the HQNO-resistant component (k cat R) is increased by the mutation in residue 155, and in the double mutant, it resembled the behavior of Pa-NQR. Taken together, the data indicate that residue 155 confers the resistance to HQNO. Our results show the structural basis that allows Pa-NQR to resist HQNO inhibition and further confirm our previous data regarding the location of the ubiquinonebinding site in subunit B.
Discussion
P. aeruginosa is a Gram-negative multidrug-resistant bacterium with a highly branched metabolism that can survive in almost any environment (9, 14, 18) . Previous studies have shown that this bacterium uses oxidative phosphorylation, rather than fermentation, to support ATP production and maintain the redox balance within the cell (8, 9, 19) . The respiratory chain of this pathogen is complex and contains three different NADH dehydrogenases (8, 21) : complex I (proton pumping) (22, 24) , NQR (sodium pumping, in other bacteria) (26 -29) , and NDH-2 (not linked to energy production) (25) . Although the physiologic function of the three different NADH dehydrogenases is unknown, it has been reported that complex I is essential for anaerobic growth in presence of nitrate (75) . On the other hand, NQR could be involved in ion homeostasis and in the development of the pathogenic phenotype (as previously reported for V. cholerae) (30 -32, 76, 77). To understand the physiologic role of this complex, we performed a structural and enzymatic characterization of Pa-NQR.
Subunit and cofactor composition of Pa-NQR
According to our data, the subunit and cofactor composition of Pa-NQR is similar to other studied homologues: a monomeric complex of six subunits and four flavin cofactors, with two covalently bound flavins (presumably FMN) in subunits B and C. However, Pa-NQR shows significant differences. In Vc-NQR, riboflavin has been identified as the final electron acceptor of the protein, delivering electrons to ubiquinone (37, 54) . Interestingly, riboflavin is found as a neutral semiquinone radical that is stable even in the presence of strong oxidants (37) (38) (39) . In Pa-NQR, however, the neutral radical of riboflavin is absent or greatly diminished, and riboflavin seems to be found in the fully oxidized state. A more detailed investigation of the cofactor composition of Pa-NQR is needed to verify the redox state of this cofactor and its role in the significant functional differences of Pa-NQR.
Cation specificity
Pa-NQR as a new proton pump-Our work demonstrates that the membrane potential generation by Pa-NQR reconstituted into proteoliposomes is independent of monovalent cations. Whereas the rate of membrane potential formation in the presence of sodium is significantly higher compared with when it is absent (Fig. 4) , the ion-pumping activity can be sustained in the absence of any added cations. Moreover, the membrane potential is completely abolished by the protonophore CCCP, demonstrating that Pa-NQR is a proton pump. To corroborate that Pa-NQR does not pump the traces of sodium found in solution (a few M is expected, even when the buffers are prepared in double-distilled water and the pH is adjusted with Tris base), the sodium ionophore ETH 157 was added to the assays. The addition of ETH 157 had no effect on the formation of membrane potential, which together with the effect of CCCP demonstrates that Pa-NQR is a proton pump, in contrast with all other NQR homologues that are sodium-specific transporters (30, 48, 49) . This finding indicates that the NQR family (formerly Na ϩ -NQR) is more diverse than previously anticipated. Most of the previous studies have been carried out with Vibrio species, and our understanding of other bacteria is limited.
Regulatory sites-Previous studies involving Vc-NQR have shown that the ubiquinone reductase activity is regulated by different monovalent cations (38, 42) . In these studies, sodium and lithium were able to stimulate the enzyme's activity, whereas potassium and rubidium act on a separate regulatory 
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site. Ubiquinone reductase activity was stimulated 8 -9 times in the presence of sodium (with a K m of 2.5 mM) and 3 times with lithium (K m ϭ 3.4 mM) (42). Interestingly, these two cations are transported by Vc-NQR and in this case can be considered as co-substrates. Moreover, the enzyme also carries a regulatory site that is stimulated by potassium and inhibited by rubidium (42). This behavior differs significantly from what we obtained for Pa-NQR. The steady-state ubiquinone reductase activity of Pa-NQR is stimulated by the monovalent cations sodium, potassium, and cesium, with the highest activity observed with sodium. Even though Pa-NQR enzyme activity was stimulated in the presence of sodium, its effect was only a third of that of Vc-NQR. Additionally, rubidium showed a biphasic behavior and at 50 mM showed the same activatory effect as potassium, followed by an inhibitory effect at higher concentrations. On the other hand, negligible inhibitory activity was observed for lithium. Because Pa-NQR is a proton-specific pump, our results indicate that the stimulation of the activity is due to the interactions of the cations with the regulatory site. This site seems to be less specific in Pa-NQR compared with Vc-NQR, because the latter is specific for potassium (42). This site has not been located in the structure of the complex, but we can speculate that it might contain 6 -8 ligands, which would allow the binding of potassium and cesium (79 -81) . It is possible that the geometry of the site would also allow the binding of sodium, through six ligands in an octahedral array (79 -81) , which is consistent with the relatively high K a for sodium compared with larger cations (Table 1 ). Of all the tested cations, lithium has the smallest ionic radius (0.76 Å) and requires five ligands for binding (79, 81) . These two factors might explain the lack of stimulation by the smaller cation. Rubidium has an ionic radius between that of potassium and cesium (1.64 versus 1.46 and 1.73 Å, respectively) and is bound by eight ligands (79) . Whereas the activation phase can be explained as the interaction of rubidium with the regulatory site, having an effect similar to potassium, the inhibitory phase could be mediated by nonspecific interactions of the cation with other parts of the protein.
In a recent report, we showed that V. cholerae ApbE, a flavin transferase involved in NQR assembly, is positively regulated by potassium (82) . We proposed that V. cholerae production of the cholera toxin and hemolysin would lead to the release of potassium from the epithelial cells, increasing NQR assembly and enhancing V. cholerae pathogenesis. The regulation of Pa-NQR by cations could follow a similar mechanism. Whereas sodium produces the maximum stimulation of the activity (3 times), the K a is very high, which makes this ion an unlikely regulator. The regulation by potassium seems to be the physiologic function of this regulatory site, especially due to the K a of 30 mM. Indeed, it has been reported that P. aeruginosa induces the release of potassium from epithelial cells (83) , which would have an activatory effect on NQR, enhancing the infection, analogous to the regulation of ApbE.
Mechanisms of resistance against HQNO autopoisoning
P. aeruginosa produces HQNO, a component of its quinolone signal system, for quorum sensing (7, 14, 45) . HQNO is a bactericidal agent that acts on competing bacteria and inhibits different complexes of the respiratory chain (7, 10, 46, 47) . This compound has a strong inhibitory effect on Vc-NQR, with submicromolar inhibition constants (0.1-0.3 M). Our group recently reported the inhibition mechanism of HQNO (26) . HQNO is a ubiquinone analog that acts as a mixed-type inhibitor, instead of the expected competitive behavior. Our studies show that HQNO is bound to the ubiquinone-binding site in two different redox states of the enzyme (26) . Although HQNO acts on a single site, it exhibits mixed-type inhibition because it is an analog of both ubiquinone and ubiquinol.
The production of HQNO by P. aeruginosa appears paradoxical, because the inhibitor would have autoinhibitory properties that might compromise the survival of this microorganism, especially considering that Ͼ70% of the rate of oxygen consumption linked to the NADH dehydrogenase activity is sensitive to this inhibitor, indicating an important role of NQR in the aerobic respiratory chain of this bacteria. Moreover, the concentration of HQNO produced by P. aeruginosa is very high and could shut down the respiratory activity. HQNO concentration can reach 4 M in cystic fibrosis sputum (45) , but it can be as high as 40 M in cell culture (7, 69) . To understand P. aeruginosa physiology and the metabolic adaptations that allow the bacteria to avoid or survive autopoisoning, we performed a characterization of the mechanism of inhibition by HQNO. In the case of Pa-NQR, HQNO exhibits a partial mixed inhibitory effect versus ubiquinone, which is different compared with the simple mixed inhibition reported in Vc-NQR (26) . The partial component (40%) indicates that even at saturating concentrations of HQNO (tens of micromolar), Pa-NQR would be able to carry out its function. Moreover, the inhibition constants (K ic and K iu , 1.6 and 1.3 M) are 5-16 times higher compared with the K i values of other members of the family (26). These differences would allow P. aeruginosa not only to outcompete other bacteria in its environment, but to survive its own production of HQNO and establish the infection. This resistance mechanism can work together with other mechanisms to protect the bacteria against HQNO autopoisoning, such as the use of efflux pumps, the use of HQNO as precursor to produce other quorum sensing molecules, and biofilm formation (69, 70) . Although no studies have been conducted to elucidate the role of NQR in P. aeruginosa physiology, the data indicate that it has important functions in disease and in biofilm formation. Indeed, P. aeruginosa strains isolated from cystic fibrosis patients show an increase in NQR expression (84, 85) . Moreover, Pa-NQR subunits have been shown to be expressed by P. aeruginosa during biofilm formation (86, 87) , especially in the oxygen-rich, metabolically active regions of the biofilm, where bacteria are exposed to competing bacteria, antibacterial metabolites and antibiotics, and other varying environmental factors.
Ito et al. (88) proposed that a binding site for ubiquinone is located in subunit A of Vc-NQR. Using photoaffinity labeling, the group identified ubiquinone-binding regions in an aqueous cavity of this subunit. Given the importance of ubiquinone for NQR function, the binding site must be conserved across species. However, the regions identified by the authors are highly variable. One of the peculiar characteristics of these regions is that they are rich in positively charged residues, such as argi-
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nine and lysine, which are uncommon in ubiquinone-binding motifs (59) , and could react easily with the reactive ubiquinone analogs. Another factor that indicates that this putative site does not participate in the catalytic cycle is its location. This site is completely cytosolic, and the ubiquinone molecule would need to be pulled out 25-30 Å from the membrane environment, exposing a large portion of ubiquinone's hydrophobic isoprene chain. Our group has recently located the catalytic ubiquinone-binding site of Vc-NQR, which is found in the interface of subunits B and D, in the core of the phospholipid bilayer (59) , and is composed of absolutely conserved residues. Mutations of these residues not only inactivate the enzyme but specifically knock out ubiquinone and HQNO binding. Moreover, this site is located within 20 Å of the FMN molecule in subunit B, which according to functional data must be in close proximity to riboflavin, the electron donor of ubiquinone (37, 39, 54, 68) . Thus, the site proposed by our group is a more likely candidate to carry out this important function. Indeed, the mutations that we performed in subunit D, which is adjacent to the site that we proposed, turned Vc-NQR into an HQNOresistant enzyme.
Conclusion
Taken together, the data demonstrate that Pa-NQR functions unlike any of the other previously characterized NQR homologues: not as a sodium pump but rather as a proton pump with a high resistance to HQNO. These findings raise important questions about the physiologic role of NQR and the redundancy of the three different NADH dehydrogenases that P. aeruginosa carries. It is possible that the expression of these enzymes would vary, depending on the environment of the niches that this bacterium colonizes, including the human body. The differential expression of these complexes may allow the survival of the bacterium by reducing the sensitivity to allelopathic and antibiotic molecules produced by plants, fungi, and other bacteria. For instance, NQR could be the main NADH dehydrogenase during the colonization of plants, because they produce a high amount of rotenone and other flavones, which are inhibitors of complex I and NDH-2 (89) . It has been recently proposed that HQNO autopoisoning induces the secretion of diverse factors that favors biofilm formation, while inhibiting the growth of other bacteria (7) . However, the bacteria must be able to survive its own production of toxins and virulence factors. Further studies are necessary to characterize the role of Pa-NQR in the physiology of P. aeruginosa.
Experimental procedures
Cloning
The operon encoding P. aeruginosa (strain PAO1) NQR was amplified by PCR, with the forward primer 5Ј-ATGATCAAG-ATAAAACGTGGCCTG-3Ј and reverse primer 5Ј-TCAATG-ATGATGATGATGATGTGCTCCTGCTCCGCCACCGAA-ATCGTCCAGCAG-3Ј. On the reverse primer, a triplicate glycine-alanine repeat spacer and a six-histidine coding sequence were included. The operon was inserted in-frame into the 5Ј-EcoRI and 3Ј-BglII restriction site of pBAD/His B plasmid. The Pa-NQR construct was verified by sequencing (Operon MWG) and subsequently used to transform V. cholerae O395N1 ⌬nqr for protein expression.
Site-directed mutagenesis
F151I and L155F mutations in Vc-NQR were obtained with a site-directed mutagenesis kit (Agilent Technologies), using sense primer 5Ј-TGATGACGGTTGGTTTCATCCGTGA-GCTTTTAGGC-3Ј and antisense primer 5Ј-GCCTAAAAGC-TCACGGATGAAACCAACCGTCATCA-3Ј for F151I and sense primer 5Ј-GGTTTCTTCCGTGAGCTTTTTGGCTC-AGGTAAGCTATTTGG-3Ј and antisense primer 5Ј-CCAA-ATAGCTTACCTGAGCCAAAAAGCTCACGGAAGAA-ACC-3Ј for L155F. The mutations were subcloned in-frame into the 5Ј-KpnI and 3Ј-EcoRI restriction enzyme sites in the Vc-NQR pBAD/HisB construct. A construct carrying both mutations, F151I and L155F, was produced by using the Vc-NQR-F151I construct as a template, inducing the L155F mutation using primers 5Ј-GGTTTCATCCGTGAGCTTTTTGGCTC-AGGTAAGCTATTTGG-3Ј and 5Ј-CCAAATAGCTTACCT-GAGCCAAAAAGCTCACGGATGAAACC-3Ј (sense and antisense, respectively).
Protein expression and purification
V. cholerae cells carrying the WT and mutant Vc-NQR-pBAD/HisB construct, as described previously by Tuz et al. (26) , or the Pa-NQR-pBAD/HisB construct were grown in Luria broth medium (59) . NQR genetic expression was induced with arabinose. The induced cells were harvested, washed, and disrupted via sonication (60-s pulsed sonication, 50% duty cycle), and then the cell membranes were obtained by differential centrifugation. The membranes were solubilized in buffer containing 0.05% n-dodecyl-␤-D-maltoside (DDM), 5 mM imidazole, 50 mM Na 2 HPO 4 , 300 mM NaCl, 5% glycerol, pH 8.0. The NQR complex was purified by Ni-NTA affinity chromatography, followed by cation-exchange chromatography using DEAE-Sepharose.
Urea SDS-polyacrylamide gel analysis
Purified Vc-NQR and Pa-NQR complexes were run in urea (30%) SDS-PAGE 15% acrylamide gels to determine enzyme subunit composition and protein purity. After electrophoresis, the gel was exposed to UV light for the detection of the fluorescent FMN cofactors previously identified in subunits NqrB and NqrC (43, 44, 67) . The gel was stained with Coomassie Blue to identify the six different subunits of NQR. The intensity of the bands was analyzed densitometrically in a gel image, using ImageJ (50) , and was compared with the total pixel intensity in the lane to calculate purity.
Blue native gel electrophoresis
BN-PAGE of Pa-NQR was performed as described by Wittig et al. (53) . Briefly, 10 g of protein per lane were separated in a 5-16% gradient gel acrylamide/bisacrylamide (38.5%:1.5%), using cathode buffer I (10 mM Tricine, 3 mM Bistris, pH 7, and 0.02% Coomassie Blue G-250), cathode buffer II (10 mM Tricine, 3 mM Bistris, and 0.002% Coomassie Blue G-250), and anode buffer (10 mM Bistris, pH 7). Lanes were cut to perform
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in-gel NADH dehydrogenase activity, Coomassie Blue staining, and second-dimension SDS-PAGE.
NADH dehydrogenase activity in-gel
In-gel activity of Pa-NQR was performed as described previously (90) . After BN-PAGE, gel lanes were incubated at room temperature for 30 min in 10 mM Tris, 0.2 mM NADH, 0.5 mg/ml NBT, pH 7.0 (91) . The excess of Coomassie Blue was removed by incubating the gel in 0.1% SDS.
Second-dimension gel electrophoresis
The second-dimension gel electrophoresis was performed using a lane obtained from the first-dimension BN-PAGE, placed on top of an SDS-polyacrylamide gel (30% urea, 15% acrylamide) (52, 53) . Following the second-dimension SDS electrophoresis, the gel was exposed to UV light to identify the two covalently bound FMN molecules and stained with Coomassie Blue, as described previously (43, 67) .
UV-visible spectra analysis
Cofactor composition of Pa-NQR was assessed spectrophotometrically (300 -700 nm) using the denatured complex or the native complex under reducing and oxidizing conditions. Protein samples were denatured using 7 M guanidine chloride. Spectrophotometric analyses with the native complex were carried out in buffer containing 20 mM Tris, 1 mM EDTA, 5% glycerol, 0.05% DDM, pH 8.0. Protein samples were fully reduced by the addition of sodium dithionite.
P. aeruginosa membrane preparation
P. aeruginosa (PAO1 strain) was cultured in Luria broth medium at 37°C under agitation (250 rpm). The cells were harvested by centrifugation at early stationary phase of growth. Cells were washed twice with KHE buffer (50 mM HEPES, 1 mM EDTA, 100 mM KCl, 0.05% DDM, pH 7.5) and stored at Ϫ80°C. The cells were thawed, and 1 mM phenylmethylsulfonyl fluoride was added before cell disruption. The cell suspension was sonicated three times using a Sonifier Cell Disruptor 350 (Branson) at 50% duty cycle, output control 6, for 1 min in ice. Cell debris was removed by centrifugation at 7,000 rpm for 30 min in a Beckman centrifuge using a JA-20 rotor at 4°C. The supernatant was collected and centrifuged at 20,000 rpm in a Beckman JA-20 rotor at 4°C. The resulting supernatant was ultracentrifuged at 30,000 rpm in a Beckman ultracentrifuge at 4°C for 5 h. The pellet containing the membranes was resuspended in KHE buffer and stored at Ϫ80°C.
Oximetry
Respiratory activity of P. aeruginosa membranes (200 g/ml) was measured using a Clark type electrode (YSI 5300), in a 2-ml custom-made chamber at 36.5°C (34) . Oxygen consumption was evaluated in buffer containing 150 mM KCl, 20 mM HEPES, 1 mM EDTA, 5 mM MgCl 2 , 10 mM K 2 HPO 4 , pH 7.5, in the presence of 200 M NADH at different concentrations of HQNO (0, 0.5, 1, 2, 5, and 10 M).
Molecular modeling
The sequence and crystallographic structure of Na ϩ -NQR from V. cholerae were obtained from the RCSB Protein Data Scheme 1
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bank (entry 4P6V) Because several loops were missing from the crystallographic structure, MODELLER version 9.14 was used to construct complete models of subunits B and D (93) . A template search with BLAST and PSI-BLAST did not find threedimensional structures homologous to the missing loops (94) . Thus, the loops were modeled based on a template from the pGenTHREADER server, which contains a method for fold recognition and identification of distant homologues (95) . Ubiquinone-1 was downloaded from the ZINC database (accession number 1559692) (96) . The atomic charges of all molecules in ZINC database were calculated by the semiempirical quantum mechanical program AMSOL (97). The P. aeruginosa homology model was built by first using protein BLAST to align the sequences to the structure of V. cholerae NQR (94). MODELLER 9.14 was again used to create homologous secondary and tertiary structure for each protein subunit. The best alignment was chosen based on MODELLER DOPE scoring function. The subunits were assembled identically to the conformation of Vc-NQR (93) . A model of P. aeruginosa NQR subunits B, D, and E in a membrane, based on the CHARMM36 force field (98), was built using the CHARMM-GUI membrane builder with the following settings. Terminal group patching was activated for all subunits, and the membrane selection was homologous DOPC (99 -101). The system was built using the replacement method, and 0.15 M NaCl ions were added to the explicit solvent. Molecular dynamics simulations were performed at 303.15 K in the NPT ensemble with a Langevin dynamics integrator with a 2-fs time step using OpenMM version 7.0.1 (17) . The simulation ran for a total of 50 ns.
To prepare the model for docking with UCSF DOCK version 6.6 (78), hydrogen atoms were stripped using UCSF Chimera version 1.9. A molecular surface was prepared using DMS, a tool within DOCK 6.6. Another DOCK 6.6 tool, Sphgen, was used to generate vacancy spheres surrounding the entire protein. Spheres had a minimum and maximum radius of 1.0 and 5.0 Å, respectively. HQNO was docked into all spheres using flexible docking. Docking orientations were ranked based on grid score, a molecular mechanics-like scoring function. 
